Abstract: (1) Background: Fungal metabolites such as haloanisoles (especially 2,4,6-tribromoanisole/ 2,4,6-TCA) are contaminants of cork and wood barrels, materials that are widely used in the wine industry. Thus, the accurate and timely detection of these substances is very important for this sector of beverage industry. (2) Methods: Potentiometry was used for the Bioelectric Recognition Assay (BERA)-based experimental approach, where changes in the electric properties of the Vero cells modified with anti-TCA antibodies were recorded in response to the presence of 2,4,6-TCA in different concentrations. Furthermore, a second electrochemical biosensor system based on the cyclic voltammetric (CV) measurement of a reaction taking place on a screen printed electrode was developed in parallel to the customized application and configuration of the cell-based system. (3) Results: The BERA cell-based biosensor was able to quantitatively differentiate among the lower 2,4,6-TCA concentrations (control, 0.25 and 1.25 ng/L) from spiked oak barrel water extracts in an entirely distinct and reproducible manner. In contrast, the CV method was not sensitive enough to differentiate between the samples. (4) Conclusions: The present study indicates that the BERA-based biosensor after further development and optimization could be used for the routine, high throughput detection of 2,4,6-TCA in oak barrel water extracts.
Introduction
Global sales of wine barrels are estimated to be valued at more than US$3330 million in 2017 and are expected to reach more than US$5260 million by the end of 2027, increasing at a CAGR of 4.7% over the forecast period [1] . Sales revenue of the global wine barrel market is expected grow by 1.65× over the same time span, during which the global wine barrel market is estimated to represent an incremental opportunity of more than US$2000 million [2] .
Haloanisoles, mostly 2,4,6-trichloanisole (2,4,6-TCA) and 2,4,6-tribromoanisole (2,4,6-TBA) as well as the precursor compound 2,4,6-trichlorophenol (TCP), are fungal secondary metabolites detected in cork, mainly of species of the genus Aspergillus [3] . This phenomenon is often observed in corks, since several sources of unpredictable contamination with 2,4,6-TCA occur also in oak wood. Furthermore, staves in the same barrel are rarely contaminated with 2,4,6-TCA, whereas the few areas of wood surface contamination may reach several millimeters in depth [4] .
Conventional and routine methods for the determination of halonanisoles are quite sensitive, but at the same time expensive, time-consuming, and can be only applied in a dedicated laboratory, requiring considerable investment in sophisticated equipment and trained personnel [5] . The current golden standard in 2,4,6-TCA analytics is gas chromatography coupled with mass spectrometry (GC-MS) or an electron capture detector (GC-µECD), the latter approach being more suitable for quantification [6] . A major drawback of the chromatographic approach is the requirement for considerable sample pretreatment and extract concentration, in order to yield as much as possible releasable 2,4,6-TCA from samples. For example, in cork, a 24 h extraction in 12% aqueous-alcoholic solution or white wine of similar alcoholic strength is considered to be the acceptable protocol, as defined by both ISO20752:2014(E) [7] and OIV-MA-AS315-16 [8] standards. This is not necessarily the case in oak barrels, where sample extracts can be derived by treating barrels with boiling water as a general quality control test (sealing integrity test). Even in this case, however, determination by chromatography or electrochemical biosensors (according to the limited literature on this subject) requires prolonged (at least one hour long) boiling, which would render the process inapplicable on a large, routine scale [9, 10] . On the other hand, novel improvements in the quantification of heat-releasable 2,4,6-TCA, including headspace solid-phase microextraction (HS-SPME), are considerably costly, and probably not suitable for any matrix other than cork [11] .
Bioelectric recognition assay (BERA) is a method that is based on the measurement of the bioelectric properties of a cluster of engineered, specifically-responding cells [12, 13] . Previous studies have shown the capability of BERA-based biosensor assays for detecting 2,4,6-TCA either directly on cork tissue or in cork alcoholic extracts and wine at a very low limit of detection (0.1 ppt), very rapidly (3-5 min), and with a highly competitive cost under conditions of high throughput testing [14, 15] . However, the method has never been tested in water solutions in 2,4,6-TCA, considering the very low solubility of the analyte as a possible major limitation. In addition, matrix effects beyond materials such as cork and wine constituents have not been accessed. This was one of the challenges met in the present study.
For the abovementioned reasons, a proof-of-concept investigation was performed regarding the feasibility of developing of a point-of-test (POT) system for the detection of 2,4,6-trichloroanisole (2,4,6-TCA) in water extracts from oak barrels, according to the established extraction process applied at a commercial barrel (TN Coopers) factory [16] . The aim and scope of the study was to access the technical feasibility of developing a dedicated POT system for 2,4,6-TCA detection, with the following specifications:
•
To be able to detect the presence of 2,4,6-TCA below or above the cut-off concentration of 2.5 ng/L.
To be operable in a rapid and cost-effective manner.
To become the basis, within the framework of further development, of a high throughput device that can be used in line with the production chain.
Moreover, a second electrochemical biosensor system was developed in parallel to the customized application and configuration of the BERA-based system. This comparative system was based on the cyclic voltammetric measurement of a reaction cell, where the total current amplitude was associated with the quantitative interaction between the working electrode and the analyte (2,4,6-TCA) itself.
Materials and Methods

Reagents
2,4,6-Trichloroanisole (2,4,6-TCA) and tetrabutylammonium perchlorate (TBAP) were purchased from Aldrich (Munich, Germany) and Fluka (Buchs, Switzerland), respectively, with a minimum purity of 99%. Anti-TCA monoclonal antibody was obtained from an exclusive contracted immunochemistry research laboratory in Athens, Greece. Hydrogen peroxide was purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA), as well as solvents and salts. Hydrogen peroxide and 2,4,6-TCA were prepared daily. Monkey African green kidney (Vero) cells cultures were originally provided from LGC Promochem (Teddington, UK). All other reagents were purchased from Fluka (Buchs, Switzerland). All reagents were of analytical grade, unless stated otherwise.
Sample Source, Composition, and Processing
Oak barrel water extracts, which were determined to be haloanisole-free, were prepared by the commercial barrel manufacturer TN Coopers (Cerrillos, Curacavi, Chile), according to the established extraction process [16] .
Biosensor Device
A customized biosensor, previously used specifically for BERA-based tests, was employed, allowing for either potentiometric or cyclic voltammetric measurements [17, 18] . Using either approach, different concentrations of 2,4,6-TCA will produce a unique pattern of biosensor response, like a 'signature'.
Potentiometry was used for the BERA-based (main) experimental approach, where changes in the electric properties of the cellular biorecognition elements were recorded in response to the presence of 2,4,6-TCA in different concentrations.
Cyclic voltammetry was used for the alternative approach, where the current is measured that develops in the electrochemical cell-TCA nanoenvironment under conditions where the voltage is in excess of that predicted by the Nernst equation. The assay was performed by cycling the potential of the working electrode and measuring the resulting current of the sensor, which is characteristic and specific for 2,4,6-TCA at different concentrations.
The portable potentiometric biosensor device was an 8× channel potentiostat. The system allowed for measuring electric signals from biorecognition elements immobilized on screen-printed working electrodes, and allowing for high throughput screening and a high speed of assay (duration: 3-5 min). A connection interface, including a replaceable guide, allowed for the insertion of electrode strips directly into the instrument, utilizing one electrode strip per channel. The sensor strips plug directly into the front panel of the instrument channels via a bespoke sensor connector (Figure 1 ). Each electrode strip comprised a 0.5 mm thick ceramic substrate with three screen-printed electrodes (working electrode-WE, reference electrode-RE and counter electrode-CE). In order to facilitate high throughput screening, DRP-8X110 disposable sensor strips (WE: carbon, RE: Ag/AgCl) bearing eight electrode pairs (corresponding to eight measurement channels) were purchased from DropSens (Llanera, Asturias, Spain). For cyclic voltammetric measurements a desktop, and a modified version of the potentiometric device was developed (Figure 2 ).
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Assay Setup
Potentiometry Approach Cell Culture and Manufacturing of Biorecognition Elements
Vero cells were cultured in Dulbecco's medium with 10% fetal bovine serum (FBS), 10% antibiotics (streptomycin-penicillin) and 1% ʟ-alanine and glutamine. The cell detachment from the culture vessel was achieved by adding trypsin/EDTA for 10 min at 37 °C. Cells were concentrated by centrifugation (2 min, 1200 rpm). According to the established protocol, Vero cells were modified by electroinserting the TCA antibody into their membrane [14] . Briefly, 2.5 × 10 6 mL cells in 40 μL Phosphate Buffer Saline (PBS) were incubated with 400 μL of 0.5 μg/mL antibody for 20 min on ice. After incubation, the mixture was transferred to an electric field at 1800 V/cm, and two square electric pulses were applied. Finally, after modification, the cells were stored at 37 °C with 5% CO2. The next day, the cells were counted, and experiments were performed with barrel water extract samples. In a separate set of experiments, membrane-engineered cells were prepared by electroinserting lower or higher concentrations of antibody (see Section 3.2 for more information).
Spiking Haloanisole-Free Water Extract Samples
A stock solution of 0.1 mg/mL 2,4,6-TCA was prepared in methanol. For the preparation of the final concentration of interest, dilution series were performed by using water haloanisole-free samples. Prior to dilutions, the water extract samples were incubated at 65 °C in a water bath, and ultrasonication was applied in order to achieve a major dilution of 2,4,6-TCA in water. The final concentrations that we used for system calibration were: 0.25 ng/L, 1.25 ng/L, 2.5 ng/L, 5 ng/L, and 10 ng/L. Also, the haloanisole-free samples were used as controls.
Assay Procedure
Membrane-engineered cells were counted and calculated at a density of 50 × 10 3 cells/45 μL. A drop of 45 μL cells was placed on the top of each of the eight carbon screen-printed electrodes, and with the help of an automatic pipette, another 5 μL of sample was added. The response of the cells to the different samples (control and positive sample) was recorded as a time-series of potentiometric 
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Assay Procedure
Membrane-engineered cells were counted and calculated at a density of 50 × 10 3 cells/45 µL. A drop of 45 µL cells was placed on the top of each of the eight carbon screen-printed electrodes, and with the help of an automatic pipette, another 5 µL of sample was added. The response of the cells to the different samples (control and positive sample) was recorded as a time-series of potentiometric measurements. The duration of each measurement was 300 s and 600 values/sample were recorded at a sampling rate of 2 Hz. 
Cyclic Voltammetry Approach
The cyclic voltammetry-based determination of 2,4,6-TCA was obtained from a protocol of Freitas et al. [19] , modified with screen-printed electrodes. The relative volumetric proportion of Methanol/water (MeOH/H 2 O water) and Acetonitrile/water (ACN/H 2 O) water tested was 1:1 and 3:2 (v/v). TBAP (0.1 M) was used as the supporting electrolyte, since ammonium salts have been reported to increase the maximum current intensity when using silver working electrodes. The use of ACN/water as a solvent was mainly due to solubility reasons of 2,4,6-TCA and TBAP, which have low solubility in water, whereas water was used as a co-solvent since the samples collected from the oak barrel extraction process are aqueous solutions.
Sample Preparation
The aqueous samples provided were used after being diluted with either MeOH or ACN containing 0.17 M TBAP, in order to obtain a volumetric proportion of 1:1 or 3:2 and a final solution with 0.1 M TBAP. The 2,4,6-TCA concentrations, before and after standard solution addition were calculated by using a similar procedure as that described in the previous section for ACN/water solutions, but taking into account the standard addition calibration method with volume correction, due to the dilution factor [20] . Thus, a linear relationship was established between the total current amplitude multiplied by the final volume after each addition of the standard solution and the total added volume of the standard 2,4,6-TCA in ACN/water with 0.1 M of TBAP. Then, using the regression line parameters (slope and intercept values) and the intercept value with the abscissa axis, the 2,4,6-TCA concentration in each aqueous sample of the oak barrel extraction process was calculated. Thus, for an intra-day repeatability evaluation, three aqueous samples with low, middle, and high 2,4,6-TCA concentrations were selected. Each sample, after dilution step, was analyzed in triplicate on the same day under working voltammetric conditions. Intra-day variability was assessed by calculating the RSD%. The accuracy of the proposed CV method was studied by using aqueous samples from the cork plank boiling process.
Electrochemical Measurements
Electrochemical measurements were carried out in triplicates by using a new strip in a non-deaerated and unstirred solution. Measurements were performed using a PG581 potentiostat (Bio-Logic Science Instruments, Seyssinet-Pariset, France). The measurements data were processed by UiEChemTM software V3.62 (Seyssinet-Pariset, France). Cyclic voltammetric measurements were carried out by scanning at 50 mV s −1 between −2 V and 1.6 V relative to an on-board Ag-AgCl reference electrode. Stock solutions of 50 mM potassium ferrocyanide were prepared in 0.1 M KCl.
Calibration Plot and the Interpretation of Results
Immunosensor calibration curves were fitted by non-linear regression using the following four parameter logistic function [21] :
where parameters a and d are the asymptotic maximum and minimum values of the calibration curves, respectively, x is the concentration at the EC 50 value, c is the analyte concentration, and b is the hill slope. EC 50 is an effective concentration for 50% value. The limit of detection (LOD) was defined as the concentration of 2,4,6-TCA equivalent to three times the value of standard deviation (σ). This was calculated based on the following equation:
where σ is the standard deviation of the zero value.
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Statistical Design
Experiments were setup in a completely randomized design. Each sample (sample barrel extract spiked with six different 2,4,6-TCA concentrations, including control) was assayed eight times, and each experiment was replicated three times at different time periods. Results were assessed by a standard analysis of variance for a randomized complete block design.
Results
Biosensor Response to the Presence of 2,4,6-TCA in Oak Barrel Water Extracts
The biosensor system developed for the purpose of the present study utilized Vero cells which were membrane-engineered in such way to present a large copy of anti-TCA antibodies on the outward-facing side of their membrane. According to the principle of molecular recognition through membrane engineering [13] , binding of 2,4,6-TCA molecules on the respective antibodies would cause the reconfiguration of the local cell membrane geometry and a change of the cell membrane potential. The latter would be recorded by the BERA-compatible biosensor system used for the bioelectric profiling of the membrane-engineered cells. Indeed, the biosensor was able to detect 2,4,6-TCA at any concentration, as documented by the time-dependent response of the sensor against TCA-free and TCA-positive samples. As shown in 
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Results of Potentiometric Biosensor Testing with Other Versions of the Cell Biorecognition Elements
In a separate set of experiments, cellular biorecognition elements were prepared by the means of membrane engineering, using higher or lower anti-TCA antibody concentrations, instead of the original concentration of 0.5 μg/mL. More analytically, 2.5 × 10 6 mL cells in 40 μL PBS were incubated with 400 μL of antibody at a concentration of either 0.3 (low) or 0.7 (high) μg/mL.
Although the results of detecting 2,4,6-TCA using 0.7 instead of 0.5 μg/mL antibody did not differ essentially between them (analytical results not shown), a different pattern of response was observed by using cellular biorecognition elements membrane-engineered with the lower 0.3 μg/mL antibody concentration ( Figure 5 ). In this case, the biosensor was able to quantitatively differentiate among the lower 2,4,6-TCA concentrations (control, 0.25 and 1.25 ng/L), as well as samples belonging either to control, <2.5, and >2.5 ng/L groups. 
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Cyclic Voltammetry Analysis
The performance of the CV device coupled with a carbon working electrode, a platinum counter electrode and a silver reference electrode, to detect and quantify the 2,4,6-TCA concentration in 0.1 M TBAP ACN/water standard solutions, was evaluated. Firstly, the possible influence of the solvent composition in the voltammetric signal profiles was investigated. Voltammograms of real aqueous samples from cork planks boiling treatment with various 2,4,6-TCA concentrations (0.25, 1.25, 2.5, 5, 10, 20, 40 ng/L) were recorded between −2.0 and 1.6 V, at a potential scan rate of 100 mV/s. The cyclic voltammetric signal profiles obtained ( Figure 6A ) showed that water was not an appropriate solvent for 2,4,6-TCA quantification ( Figure 6B ). Statistically significant resolution was achieved between the control and the lower 2,4,6-TCA concentrations (p < 0.05), between lower and higher 2,4,6-TCA concentrations (p < 0.01), as well as between the different lower concentrations (p < 0.01).
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Figures 9A and 10A depict the cyclic voltammograms obtained, with an Ag screen-printed working electrode of different 2,4,6-TCA concentrations, expressed as ng/L, for 0.1 M of TBAP in ACN/H2O (1:1 and 3:2; (v/v)). The profiles recorded show a decreasing voltammetric signal with increasing 2,4,6-TCA concentrations, in both cathodic and anodic regions, in contrast to MeOH/H2O mixtures. The calibration curves were established (one for each solvent mixture) ( Figures 9B and 10B ) by relating the amplitude of the current intensity and 2,4,6-TCA concentrations. The equations resulting from the calibration were y = −1 × 10 −7 x + 3 × 10 −5 and y = −2 × 10 −7 x + 3 × 10 −5 for ACN/H2O mixtures 1:1 and 3:2 (v/v), respectively, and R 2 were lower than 0.25 for both ACN/H2O mixtures. After the comparison of the average responses of the standard 2,4,6-TCA concentrations over all four solvent ratios (MeOH/water, ACH/water, 1:1, 3:2 (v/v)), no significant differences between the samples could be observed in the no-solvent ratio. Freitas et al. [19] have proposed a technique to detect 2,4,6-TCA with a silver working electrode, a platinum counter electrode, and an Ag/AgCl double-junction reference electrode through CV in acetonitrile/water mixtures with the addition of TBAP. In addition, in another study, they suggested that this technique was suitable for 2,4,6-trichloroanisole quantification in aqueous samples from an industrial cork plank boiling process [21] .
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Discussion
The BERA-based biosensor developed in the framework of the present study is the first approach towards the establishment of a rapid and portable screening test for 2,4,6-TCA in water extracts from oak barrels. In the past, very few attempts to develop such a test have been reported, while the majority of biosensors and similar technologies for the determination of 2,4,6-TCA were focused on cork or wine as the sample matrices. An extensive review on this subject is provided by Mavrikou and Kintzios [23] .
The majority of reported biosensor-based approaches for 2,4,6-TCA detection and determination require considerable validation and optimization before being used as official screening tools. According to recent reports, the wine matrix significantly alters the results of the immunoassay-based methods [24] . Biosensors developed for 2,4,6-TCA detection must be improved in terms of selectivity and sensitivity [9, 11] . However, in comparison with conventional analytical methods, they have many advantages, such as extremely high speed, low cost, and ease of handling [17, 25] .
The results obtained by testing the innovative biosensor system against control samples spiked with different 2,4,6-TCA concentrations clearly indicate that it is possible to detect the target analyte qualitatively, i.e., to distinguish between a TCA-free and a TCA-contaminated sample. As also shown in the present study, partial qualitative determination of 2,4,6-TCA above the cut-off concentration of 2.5 ng/L is possible by electroinserting 0.3 ng/mL anti-TCA antibody into the sensory cells. In other words, different versions of the biorecognition element (varying concentrations of electroinserted antibodies in membrane-engineered cells) allowed for different biosensor performances. It is, therefore, theoretically possible to improve quantitative determination by choosing the optimal concentration of electroinserted antibody. This hypothesis should be tested in further experiments. Moreover, the specificity of the BERA-approach combined with cells membrane-engineered with anti-TCA antibodies against other, possibly interfering haloanisoles (2,4,6-TCP, 2,4,6-TBA, 2,6-DCA, 2,3-DCA, 3,5-DCA and 2,3,4,5-TeCA) has already been tested and reported previously [15] .
Compared with more conventional cyclic voltammetric electrochemical approach, which was also investigated in the present study, we observed that the BERA approach allowed for a much better resolution between different concentrations in the range between 0 and 10 ng/L. In addition, the BERA approach required lesser sample preparation compared to CV. Both methods were characterized by very high speed (BERA: 5 min, CV: 1 min), and were equally adaptable to portable devices. However, the samples measurements with the CV method did not fit the proposed standard curve models, possibly due to low sensitivity (lack of a biorecognition element), and no differences were observed between the samples.
Conclusions
In conclusion, we feel that the present study can be potentially used as the basis for the further development of a POT biosensor device for the routine, high throughput detection of 2,4,6-TCA in oak barrel water extracts. Areas needing further study and possible improvement to the BERA-TCA system include:
•
The validation of the method with actual samples in the framework of a double-blind trial •
The investigation of the extent of possible interference by compounds structurally related to 2,4,6-TCA (e.g., other haloanisoles) •
The establishment of the range of quantitative determination
